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A photovoltaic device have a pin junction of a p-layer, an 
i-layer and an in-layer, wherein the p-layer includes a first 
p-layer and a Second p-layer thereover, the first p-layer 
having a thickness of 5 nm or leSS and being uniformly 
doped with a p-type impurity, and the Second p-layer being 
formed by decomposition of a gas which does not positively 
incorporate a p-type impurity. 
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PHOTOVOLTAIC DEVICE AND PROCESS 
FOR PRODUCING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is related to Japanese application No. 
HEI 10(1998)-165329 filed on Jun. 12, 1998, whose priority 
is claimed under 35 USC S 119, the disclosure of which is 
incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a photovoltaic device and 
a process for producing the Same. More particularly, the 
invention relates to a photovoltaic device having a pin 
junction and a production process therefor. 

2. Description of Related Art 
In the history of development of thin film Solar cells 

having pinjunctions, various attempts have been made with 
regard to doped layers on a photoreceptive side Since these 
layers are important factors for improving conversion effi 
ciency (m). 

Particularly, a variety of Studies are being made about a 
p-layer, which is one of the doped layers on the photore 
ceptive side and functions as an hydrogenated amorphous 
Silicon window layer. Since the p-layer is not a photoelectric 
conversion layer, the p-layer must possess a characteristic of 
absorbing only a Small amount of light. At the same time, the 
p-layer must also have a high electrical conductivity and 
good i?p interface characteristics. A variety of Studies are 
being made in order to achieve a p-layer which can Satisfy 
these contradictory characteristics. 

For example, Japanese Examined Patent Publications 
Nos. HEI 3(1991)-40515 and HEI 3(1991)-63229 disclose 
the use of an a-SiC:H (hydrogenated amorphous Silicon 
carbide) film doped with boronatoms as the p-layer. In these 
publications, the p-layer is formed by decomposing B-H 
gas together with a mixture gas of Silane or a silane 
derivative (e.g., SiH), a hydrocarbon (e.g., CH), an inert 
gas (e.g., Ar, He) and the like by glow discharge. Other 
generally known methods of forming the p-layer include a 
plasma chemical vapor deposition (plasma CVD). 

However, where BHe gas is mixed with gas Sources, 
boron atoms extract hydrogen atoms terminating bonds of 
Silicon atoms, etc., in the amorphous layer. That gives rise to 
a large number of unbonded bonds, which are referred to as 
dangling bonds. For this reason, if the boron-doped amor 
phous film formed by the above-mentioned method is used 
as a window p-layer for a Solar cell, the light absorption in 
the p-layer may rise. 

In order to SuppreSS a rise in the light absorption, carbon 
atoms are introduced in the layer up to Several ten percents. 
However, an increase in the number of carbon atoms may 
bring about deterioration of the quality of the layer. AS a 
result, the electrical conductivity declines and the inner 
resistance of the entire device increases. 

Thus a technical problem exists in that to provide a 
desired conductivity which does not give rise to Series 
resistance for cell characteristics will lead to a non 
negligible increase in the light absorption and therefore a 
Sufficient photoelectric current will not be ensured. 

By the plasma CVD, boron atoms in plasma increase 
dangling bonds also on the Surface of the film, and thereby 
gives rise to a large number of recombination levels at a p-i 
interface, AS a result, the conversion efficiency is affected 
adversely. 
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For example, in the case where a boron-doped SiC film is 

used as a p-layer, the film has a poor connection with the 
photoelectric conversion layer and becomes a recombination 
center of generated photo-carriers. Therefore a Sufficient 
open-circuit voltage (Voc) and a satisfactory fill factor (F.F.) 
cannot be ensured. 
To cope with these drawbacks, it is generally known to 

place an amorphous film in which the amount of carbon 
atoms are gradually changed or an intrinsic SiC:H film, as a 
buffer layer at the p-i interface for reducing adverse effects 
on Solar cell characteristics. 

However, Such buffer layers are poor in electrical con 
ductivity and can cause an increase in the inner resistance of 
the device. Eventually, it is impossible to avoid a decline in 
the F.F. 
On the other hand, as regards the formation of the player, 

Japanese Unexamined Patent Publication HEI 7(1995) 
22638 proposes a process of forming a hydrogenated amor 
phous p-type Silicon layer by forming a hydrogenated amor 
phous boron (a-B:H) layer and Subsequently disposing an 
hydrogenated amorphous Silicon layer thereon, and Appl. 
Phys. 36 (1997) 467 proposes a process of forming a p-layer 
by forming a hydrogenated amorphous boron layer and 
Subsequently forming an amorphous carbon layer (a-C) 
thereon. 

However, it is still difficult to reduce the light absorption 
in the hydrogenated amorphous boron layer Sufficiently. 

In usual cases, used as a Substrate for forming photovol 
taic devices is a glass Substrate having thereon an electri 
cally conductive transparent oxide film, for example, of 
SnO or ZnO with projections and depressions. In the case 
where the pin junction is formed on Such an electrically 
conductive transparent oxide film, resistance increases at the 
interface between the electrically conductive transparent 
oxide film and the hydrogenated amorphous boron layers 
proposed by Japanese Unexamined Patent Publication HEI 
7(1995)-22638 and Appl. Phys. 36 (1997) 467. Therefore, it 
is still difficult to obtain good cell characteristics. 

So-called tandem-type photovoltaic devices are also gen 
erally known. The tandem-type photovoltaic devices are 
constructed to have a plurality of layered pin junctions in 
order to utilize spectra of light of the Sun efficiently to 
improve a photoelectric conversion rate. In Such photovol 
taic devices, by optionally Setting optical band gaps in 
photoelectric conversion layers of pin junctions, photocur 
rent generated in each pinjunction can be efficiently utilized. 
In other words, in the tandem-type photovoltaic device, 
which is a device having two or three or more of Such pin 
junctions connected to each other, an interlayer p-layer 
which is adjacent to an in-layer is usually formed as a 
laminate of a contact layer of a highly doped a-Si:H film for 
obtaining an ohmic contact with the underlying adjacent 
n-layer and a wide gap Silicon alloy film, e.g., an a-SiC:H 
film, an a-SiO:H film, etc. 

However, interfaces inevitably exist between p-layers and 
adjacent n-layers in intermediate layers. Accordingly, 
presently, the quality of films must be Sacrificed for obtain 
ing good ohmic contact, and recombination layers of about 
3 nm thickness which have a large light absorption must be 
inserted at the interfaces. Moreover, there is a problem that 
the F.F. of the photovoltaic device declines since the light 
absorption by the contact layer which is not an active layer 
brings about a large loSS and Since the Series resistance of the 
gap-widened silicon alloy film of a-SiC:H, a-SiO:H or the 
like becomes too large to neglect. 

Thus, none of the above-described conventional methods 
has not achieved a technique which Satisfies the contradic 
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tory characteristics required for the p-layer and the tandem 
type photovoltaic device having a plurality of laminated pin 
junctions. The contradictory characteristics are a low light 
absorption, a high electrical conductivity and good interface 
characteristics both to the electrically conductive transparent 
oxide film or the n-type hydrogenated amorphous Silicon 
layer (or a microcrystalline Silicon layer) and to the photo 
electric conversion layer. 

SUMMARY OF THE INVENTION 

Under these circumstances, an object of the present inven 
tion is to provide a photovoltaic device having a pinjunction 
of a p-layer, an i-layer and an in-layer, wherein the p-layer 
includes a first p-layer and a Second p-layer thereover, the 
first p-layer having a thickness of 5 nm or leSS and being 
uniformly doped with a p-type impurity, and the Second 
p-layer being formed by decomposition of a gas which does 
not positively incorporate a p-type impurity. 

Another object of the present invention is to provide a 
proceSS for producing a photovoltaic device having a pin 
junction. The process comprises the Steps of 

forming a first p-layer which has a thickness of 5 nm or 
leSS and is uniformly doped with a p-type impurity, 

forming a Second p-layer by decomposition of a gas 
which does not positively incorporate a p-type 
impurity, thereby to obtain the p-layer, 

forming the i-layer and n-layer in this order. 
These and other objects of the present application will 

become more readily apparent from the detailed description 
given hereinafter. However, it should be understood that the 
detailed description and Specific examples, while indicating 
preferred embodiments of the invention, are given by way of 
illustration only, Since various changes and modifications 
within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graphic representation of light absorption of 
p-layerS for use in a photovoltaic device in accordance with 
the present invention; 

FIG. 2 is a schematic sectional view of the major part of 
an exemplary photovoltaic device in accordance with the 
present invention; 

FIG. 3 is a graphic representation of an I-V characteristic 
of the photovoltaic device shown in FIG. 2; 

FIG. 4 is a schematic sectional view of the major part of 
a photovoltaic device having a conventional p-layer Struc 
ture for comparison with the photovoltaic device in accor 
dance with the present invention about the I-V characteris 
tic, 

FIG. 5 is a graphic representation of light absorption of 
p-layerS for use in another photovoltaic device in accordance 
with the present invention; 

FIG. 6 is a schematic sectional view of the major part of 
another exemplary photovoltaic device in accordance with 
the present invention; 

FIG. 7 is a graphic representation of the I-V characteristic 
of the photovoltaic device shown in FIG. 6; 

FIG. 8 is a schematic sectional view of the major part of 
Still another exemplary photovoltaic device in accordance 
with the present invention; 

FIG. 9 is a graphic representation of the I-V characteristic 
of the photovoltaic device shown in FIG. 8. 
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4 
FIG. 10 is a schematic sectional view of the major part of 

an exemplary tandem-type photovoltaic device in accor 
dance with the present invention; 

FIG. 11 is a graphic representation of spectral Sensitivity 
characteristics of photovoltaic devices in accordance with 
the present invention and a conventional photovoltaic 
device. 

FIG. 12 is a graphic representation of the I-V character 
istics of photovoltaic devices in accordance with the present 
invention and a conventional photovoltaic device. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The photovoltaic device of the present invention has a pin 
junction and may be comprised mainly of a transparent 
electrode layer; a p-layer including a first p-layer and a 
Second p-layer thereover, the first p-layer having a thickness 
of 5 nm or less and being uniformly doped with a p-type 
impurity, and the Second p-layer being formed by decom 
position of a gas which does not positively incorporate a 
p-type impurity; an i-layer; an in-layer; and a rear electrode 
layer. These electrode layerS and the pin junction are pref 
erably formed on a Substrate. 
The Substrate usable for the photovoltaic device of the 

present invention is not particularly limited to any Substrates 
as far as they are usually used in the art. Examples thereof 
are Substrates of various materials including Substrates of 
metals. Such as Stainless Steel, aluminum, copper and Zinc, 
Substrates of glass, Substrates of resins Such as polyimide, 
polyethylene polyterephthalate (PET), polyether sulfone 
(PES) and Teflon; substrates of metals coated with resins; 
and Substrates of resins with metal layers formed thereon, 
among which transparent Substrates are preferred. The Sub 
Strate may be formed in conjunction with an insulating film, 
an electrically conductive film or a wiring layer (e.g., of a 
metal or a semiconductor), a buffer layer or a combination 
thereof, depending on how the Support Substrate is utilized. 
The thickness of the substrate is not particularly limited, but 
may be about 0.1 to 30 mm so that the substrate has a 
Suitable Strength and weight. The Substrate may have pro 
jections and depressions on its Surface. 

The transparent electrode layer for use in the photovoltaic 
device of the present invention may be made of an electri 
cally conductive oxide such as ZnO, ITO or SnO. These 
materials for the electrode may be formed in a Single layer 
or in a laminated layer. The thickness of the transparent 
electrode layer may be selected as appropriate, for example, 
about 200 to 2,000 nm. Projections and depressions may be 
formed on the Surface of the transparent electrode layer. The 
projections and depressions may have a level difference of 
about 0.1 to 1.2 um, that is, about a wavelength of visible 
range light, and a pitch of about 0.1 to 10 lim. 

In the p-layer of the photovoltaic device of the present 
invention, laminated are the first p-layer which has a thick 
neSS of 5 nm or less and is uniformly doped with the p-type 
impurity (e.g., boron) and the Second p-layer which is 
formed by decomposing the gas which does not positively 
incorporate of a p-type impurity. With this construction, the 
p-layer can maintain good interface characteristics with the 
conductive transparent layer formed thereunder and at the 
Same time the quality of the p-layer can be prevented from 
deterioration, which might otherwise be caused by the 
hydrogen extracting effect of the p-type impurity. 

In the above-described p-layer, both the first and second 
p-layerS may be formed of a Semiconductor, especially an 
amorphous Semiconductor Such as hydrogenated amorphous 
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Silicon (a-SiH), hydrogenated amorphous germanium 
(a-Ge:H), hydrogenated amorphous Silicon germanium 
(a-SiGe:H) or the like. The first and second p-layer are not 
necessarily formed of the Same type of Semiconductor, but 
preferably they may both be formed of a-Si:H. 
A thickness of the first p-layer of 5 nm or less means that 

the first p-layer is So thin that its optical absorption can be 
neglected. The first p-layer may be a film in one or more 
Semiconductor atomic layer, for example. The first p-layer 
may preferably have a uniform thickness all over the 
Surface, but this layer may be formed like an island on the 
Surface of the transparent electrode layer. Further, that the 
first p-layer is uniformly doped with the p-type impurity 
means that the whole first p-layer is doped with the p-type 
impurity in a certain concentration. For example, in the case 
where the first p-layer is formed of a Silicon film, carrier 
density may be sufficient if silicon atoms are present 10° 
atom/cm in a one-atomic layer and the p-type impurity is 
present 10" atom/cm or higher in the layer. This means that 
one carrier atom is enough for 10,000 silicon atoms. 
Therefore, the thickness of the layer and the concentration of 
the impurity may be Selected So that the carrier, for example, 
acceptor Such as boron atoms, will exist in Such an amount 
that the above-mentioned carrier density is ensured. 

With the above-described construction of the first player, 
a Sufficient internal electric field can be produced in the 
i-layer described later. A relatively large open-circuit Voltage 
can be ensured. The increase of the light absorption can be 
Suppressed, and therefore, a relatively large short-circuit 
current can be obtained. 

The surface of the first p-layer may be treated with a 
plasma as described later. This plasma treatment of the 
Surface provides good p-i interface characteristics. 
AS regards the Second p-layer, the p-layer formed by 

decomposition of the gas which does not positively incor 
porate of a p-type impurity means that the Second p-layer is 
first formed as an i-layer (as a Second layer) by decompo 
Sition of the gas not containing a p-type impurity, but that at 
the same time as the i-layer is formed or thereafter, the 
p-type impurity diffuses from the underlying first p-layer 
and/or mixes into the Second p-layer from a film-forming 
atmosphere, So that the i-layer turns into a p-layer. Accord 
ingly the concentration of the impurity in the Second p-layer 
is lower than that in the first p-layer. In the Second p-layer, 
the p-type impurity may be uniformly diffused but may 
preferably be diffused in Such a manner that the concentra 
tion thereof decreases gradually from the first p-layer toward 
the i-layer described later. In the case where the concentra 
tion of the p-type impurity in the Second p-layer decreases 
gradually toward the i-layer, the light absorption coefficient 
may increase gradually toward the i-layer. In other words, 
the extraction of hydrogen atoms from the Second p-layer by 
the p-type impurity can be Suppressed, So that the light 
absorption can be reduced gradually and the quality of the 
Second p-layer can be prevented from debasing. The Second 
p-layer may be composed of a single layer, but may be 
composed of a plurality of films formed under varied 
film-forming conditions. The thickness of the Second p-layer 
is not particularly limited, but may be about 1 to 200 nm, for 
example. In the case where the Second p-layer is formed of 
a plurality of films, each film preferably has a thickness of 
about 1 to 30 nm. 

The Surface of the Second p-layer may be Subjected to a 
plasma treatment as described later. In the case where the 
Second p-layer is formed of a plurality of films, the Surface 
of each film may be Subjected to the plasma treatment. It is 
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noted that the surface of all the films may be subjected to the 
plasma treatment or the Surface of Some of the films may be 
Subjected to the plasma treatment. 
The i-layer and n-layer in the photovoltaic device of the 

present invention are not particularly limited, and any 
i-layers and n-layers that are usually used for pin junctions 
of photovoltaic devices can be used. For example, the i-layer 
and n-layer are both formed of amorphous layers as men 
tioned above. The i-layer is not doped with any impurity that 
acts as a carrier. The n-layer may be doped with an impurity 
which acts as a donor Such as arsenic, phosphorus or the like 
in a concentration of 10' to 10'/cm. The thickness of the 
i-layer and n-layer may be Selected as appropriate in View of 
energy intended to be obtained from the photovoltaic device, 
the concentration of the impurities in the p-layer and n-layer, 
and the like, and may be about 100 to 600 nm and 30 to 100 
nm, respectively, for example. 
The rear electrode layer may be formed of any conductive 

materials as far as they are used in the art. Examples thereof 
include metals Such as gold, platinum, Silver, copper and 
aluminum and conductive oxides as mentioned above. The 
thickness thereof may be selected as appropriate depending 
on how the photovoltaic device is-to be used. 

Also in the present invention, the photovoltaic device may 
be a tandem-type photovoltaic device which has at least two 
pin junctions. In this case, the photovoltaic device is mainly 
composed of a transparent electrode layer, a first pin 
junction, a Second pin junction having a p-layer adjacent to 
an in-layer of the first pinjunction, and a rear electrode layer, 
which are disposed Sequentially from a light-incident Side. 
The Second pinjunction includes a p-layer, an i-layer and an 
n-layer. The p-layer has a hydrogenated amorphous Silicon 
layer (a first player) having a thickness of 5 nm or less in 
which the p-type impurity predominates over a little amount 
of a coexisting n-type impurity and a hydrogenated amor 
phous Silicon layer (a Second p-layer) in which the concen 
tration of an impurity decreases as this hydrogenated amor 
phous Silicon layer becomes nearer to the i-layer. The i-layer 
and the n-layer form a pin junction with the p-layer. It is 
noted that the photovoltaic device of the present invention 
may further include a third, a forth, ... pinjunctions, but not 
all of these pin junctions need to include the above 
described p-layer having the first p-layer and the Second 
p-layer. At least one of the pin junctions must include the 
above-described p-layer having the first p-layer and the 
Second p-layer. Especially, all the pin junctions may pref 
erably have the first and the Second p-layer. 

In the photoelectric conversion of the present invention, 
not all of the n-layer, i-layer and p-layer which form the pin 
junction need to be formed of hydrogenated amorphous 
Silicon. At least the n-layer and i-layer need to be formed of 
hydrogenated amorphous Silicon. Further, the photovoltaic 
device may optionally have a buffer layer, an intermediate 
layer, a conductive layer, an insulating layer and/or the like 
between the transparent electrode layer, p-layer, i-layer, 
n-layer and rear electrode layer. 

In the process of producing the photovoltaic device of the 
present invention, the first p-layer which has a thickness of 
5 nm or less and is uniformly doped with the p-type impurity 
may be formed on the substrate which is preferably provided 
with the transparent electrode layer on its Surface. 

The first p-layer may be formed by a known method, for 
example, a CVD method or a plasma CVD using gas Sources 
like SiH, GeH, CH, H., Ar and He, or the like. The p-type 
impurity (e.g., boron) for the first p-layer may be doped 
while-the first player is being formed by mixing B.He gas 
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into the gas Sources or may be doped by ion implantation or 
thermal diffusion after the first p-layer is formed. 

The surface of the first p-layer may be subjected to a 
plasma treatment as described above. The plasma treatment 
at this stage may be performed using H2, He, Ar or the like. 
In the case where the first p-layer is formed of a-Si:H film, 
conditions for the plasma treatment may be set as shown in 
Table 1, for example. 

TABLE 1. 

Gas Flow Applied Applied Treatment 
Gas Rate Pressure Power Time 
Type (sccm) (torr) (W) (minutes) 
H. 10-500 0.1-1 10-1000 1-30 
He 10-500 0.1-0.8 10-500 1-30 
Air 10-500 0.2-1 10-500 1-30 

If germanium is the major element of the first p-layer, it 
is suitable to set the power at a low level. 

This plasma treatment raises the light absorption coeffi 
cient in the first p-layer, that is, the increase of the light 
absorption in the first p-layer can be Suppressed. Therefore, 
a relatively high short-circuit current can be obtained. 

Subsequently, the Second p-layer is formed on the first 
p-layer by decomposition of a gas not containing a p-type 
impurity. The Second p-layer may be formed in the same 
manner as the first p-layer is formed, except that the gas 
Sources do not contain a p-type impurity. 

By forming the Second p-layer in this manner, though the 
Second p-layer is not positively doped with a p-type 
impurity, the p-type impurity in the underlying first p-layer 
diffuses into the Second p-layer. As a result, the Second 
p-layer contains the p-type impurity therein. If the first and 
Second p-layers are formed by a film-forming apparatus, for 
example, a plasma CVD apparatus, and the Second p-layer 
is formed Subsequently to the formation of the first p-layer 
in the same chamber, the p-type impurity which has been fed 
for forming the first p-layer and remains in an atmosphere 
mixes into the Second p-layer. As a result, the Second p-type 
layer contains the p-type impurity. 

The Second p-layer may preferably be Subjected to a 
plasma treatment. This plasma treatment may preferably be 
carried out on the Surface of the formed Second p-layer 
and/or carried out on the Second p-layer under formation 
every time the Second p-layer gains a predetermined thick 
ness. The predetermined thickness here may be about 1 to 30 
nm, for example. In the case where the plasma treatment is 
repeatedly performed at every predetermined thickness, the 
treatment time and/or the applied power is/are preferably 
decreased gradually over the repeated treatments. By per 
forming the plasma treatment in this way, it is possible to 
increase the light absorption coefficient in the Second p-layer 
gradually toward the i-layer. That means, the increase of the 
light absorption of the Second p-layer can be Suppressed 
gradually. Therefore the short-circuit current can be 
improved and also a decline in Voc and F.F. can be pre 
vented. 

The formation of the Second p-layer may be carried out in 
the same chamber of the film-forming apparatus where the 
first p-layer has been formed. In this case, the light absorp 
tion coefficient can be increased, that is, the increase of the 
light absorption of the first and Second p-layers can be 
Suppressed, without need to design a particular doping 
profile. As a result, manufacturing costs may be reduced. 

The Second p-layer is not formed necessarily in the same 
chamber as the first p-layer but may be formed in a different 
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8 
chamber. In this case, Since there is not the possibility that 
the p-type impurity may diffuse in the Second p-layer in 
excess, the inner electric field in the Second p-layer may be 
controlled easily. 
The photovoltaic device and the process for producing the 

Same of the present invention is now described in further 
detail by way of embodiments with reference to the accom 
panying drawings. The embodiments, however, should not 
be construed to limit the Scope of the invention. 
Embodiment 1 
Evaluation of Light Absorption of p-layer 

First, a transparent glass Substrate was placed on a Sub 
Strate Support in a chamber of a plasma CVD apparatus. Gas 
sources of SiH:BH:H=1:0.1:20 were supplied onto the 
transparent glass Substrate at a flow rate of 200 ScCm. A film 
was formed under an atmosphere of 200 C. at an applied 
power of 200 W for 10 minutes with maintaining the 
temperature of the substrate at 200 C., thereby to obtain a 
highly doped p-type a-Si:H layer in which boron was doped 
in a high concentration. The thickness of the highly doped 
p-type a-Si:H layer thus obtained was Set to about 2 nm, Such 
a thickness that the light absorption of the layer was negli 
gible. 

Subsequently, an a-Si:H layer not doped with boron was 
formed to a thickness of about 10 nm using gas Sources of 
SiH:H=100:200 sccm in the same chamber. At this time, 
the a-Si:H layer turned into a p-type layer due to the 
diffusion of boron from the underlying highly doped p-type 
a-Si:H layer and/or the mixing of boron from the atmo 
Sphere. 
By repeating these steps, a p-layer having a total thickness 

of 300 nm was formed which was composed of highly doped 
a-Si:H layers each of about 2 nm thickness and a-Si:H layers 
each of about 10 nm thickness which were alternately 
laminated. 

For comparison, a Single p-layer of 300 nm thickness was 
formed on a transparent glass Substrate using mixed gas 
Sources of SiH:BH:H=100:5:200 separately from the 
above-mentioned laminate p-layer. 
The light absorption and conductivity of the obtained two 

kinds of p-layers were measured. The results are shown in 
Table 1. 
The light absorption of the laminate p-layer of highly 

doped p-layers and p-layerS is Smaller than that of the typical 
Single p-layer, as clearly shown in FIG. 1. The reason is 
considered to be that, in the laminate p-layer, the boron’s 
effect of extracting hydrogen atoms did not take place during 
the formation thereof. 
The p-layerS had almost the same conductivity of about 

5x10 S/cm. 
In the above embodiment, a unit of one highly doped 

p-layer and one p-layer in the laminate p-layer was set to be 
about 12 nm in thickness and the highly doped p-layers of 
2 nm thickness were present with intervals of about 10 nm. 
In the case where one p-layer (the Second p-layer) was about 
30 nm or thinner, the effect of reducing the light absorption 
was observed with regard to laminate p-layerS formed at 
200 C., which exhibited a conductivity similar to that of the 
above embodiment. 
Embodiment 2 
Photovoltaic Device and it Production Process 

Referring to FIG. 2, the photovoltaic device of this 
embodiment was constructed to have a transparent electrode 
layer 2, a highly doped p-type a-Si:H layer 7, a p-type a-Si:H 
layer 8, an i-layer 4, an in-layer 5 and a rear electrode layer 
6 Sequentially formed on a transparent glass Substrate 1. 
A process for producing the above-mentioned photovol 

taic device is now explained. 
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First, a ZnO film having gentle projections and depres 
Sions of about 300 nm level difference was formed to a 
thickness of about 800 nm on the transparent glass Substrate 
1 by Sputtering, thereby to form a transparent electrode layer 
2. 

Subsequently, the resulting transparent glass Substrate 1 
was placed on a Substrate Support in a p-layer forming 
chamber of a deposition apparatus. Mixed gas Sources of 
SiH:BH:H=1:0.1:20 were supplied onto the substrate 1 
at a flow rate of 200 sccm. A film was formed under an 
atmosphere of 200 C. at an applied power of 200 W for 10 
minutes with maintaining the temperature of the Substrate at 
200 C., thereby to obtain a highly doped p-type a-Si:H layer 
7 of about 2 nm thickness doped with boron in a high 
concentration, as the first p-layer. 

Subsequently, an a-Si:H layer 8 not doped with boron was 
formed to a thickness of about 10 nm in the same chamber. 
At this time, the a-Si:H layer turned into a p-type a-Si:H 
layer (the second p-layer) due to the diffusion of boron from 
the underlying highly doped p-type a-Si:H layer and/or the 
mixing of boron from the atmosphere. 

Next, an i-layer 4 of about 200 nm thickness was formed 
on the a-Si:H layer 8 in an i-layer forming chamber using 
gases of SiH:H=200:500 at an applied power of 100 W. 
Further, an in-layer 5 of about 30 nm thickness was formed 
on the i-layer 4 in an in-layer forming chamber using gases 
of SiH:H:PH=10:500:3 at an applied power of 100 W. 

Thereafter, an Ag film of 500 nm thickness was formed in 
a sputtering system under a temperature of 200 C. thereby 
to form a rear electrode. 

In the above-described way, produced was a photovoltaic 
device shown in FIG. 2 which had a pin junction. 
An I-V characteristic of the produced photovoltaic device 

was evaluated. 
For comparison, produced was a photovoltaic device 

having the same construction as the above-described pho 
tovoltaic device except a single p-layer of 10 nm thickneSS 
formed by use of mixed gases of SiH:BH:H=100:5:200 
in place of the highly doped p-type a-Si:H layer 7 and the 
p-type a-Si:H layer 8, as shown in FIG. 4. 

FIG. 3 shows the I-V characteristic of these photovoltaic 
devices at A.M. 1.5. 

As clearly shown in FIG. 3, the photovoltaic device of 
Embodiment 2 exhibits a relatively large short-circuit cur 
rent of 15.0 mA/cm because the light absorption of the 
p-layer is Small as shown in the aforesaid Embodiment 1. It 
is also considered from Voc=0.85 V and FF-0.65 that the 
p-layer of this embodiment has a Sufficient carrier density. 
On the other hand, the comparative photovoltaic device 

having the Single p-layer is found to have an insufficient 
short-circuit current of 13.2 mA/cm as compared with the 
photovoltaic device of Embodiment 2 because the light 
absorption of the Single p-layer is large as shown in Embodi 
ment 1. 
Embodiment 3 

Evaluation of Light Absorption of p-layer 
In the same manner and by use of the same kind of 

substrate as in Embodiment 1, an a-Si:H layer of about 10 
nm thickneSS was formed on a highly doped p-type a-Si:H 
layer of about 2 nm thickness. Subsequently, the Surface of 
the a-Si:H layer was Subjected to a plasma treatment using 
helium gas under the conditions shown in Table 2. These 
Steps were repeated until a p-layer having a total thickneSS 
of 300 nm was obtained. 
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TABLE 2 

Gas Flow Applied Applied Treatment 
Gas Rate Pressure Power Time 

Type (sccm) (torr) (W) (minutes) 
He 1OO 1.O 1OO 1. 

The light absorption of the obtained p-layer was mea 
Sured. The results are shown in FIG. 5. 

FIG. 5 clearly shows that the light absorption is further 
reduced by the plasma treatment as compared with the 
laminate p-layer composed of the highly doped p-layerS and 
the p-layers of Embodiment 1. 

In this embodiment, a unit of one highly doped p-layer 
and one p-layer in the laminate p-layer was set to be about 
10 nm in thickneSS and the highly doped p-layers were 
present every approximate 10 nm. The plasma treatment was 
conducted in every unit. In the case where one p-layer (the 
second p-layer) was about 30 nm or thinner, the effect of 
reducing the light absorption and a conductivity similar to 
the above embodiment were observed. 
Embodiment 4 
Photovoltaic Device and its Production Process 

Referring to FIG. 6, the photovoltaic device of this 
embodiment was constructed to have a transparent electrode 
layer 2, a highly doped p-type a-Si:H layer 7, a p-type a-Si:H 
layer 8, an i-layer 4, an in-layer 5 and a rear electrode layer 
6 Sequentially formed on a transparent glass SubStrate 1 and 
to have a plasma-treated face 9 on the p-type a-Si:H layer 8. 
The process for producing the above-described photovol 

taic device of this embodiment is now explained. 
First, the highly doped p-type a-Si:H layer 7 and the 

a-Si:H layer 8 were formed on the transparent glass Substrate 
1 in the same manner as in Embodiment 2. The transparent 
glass Substrate 1 had on its Surface a ZnO film having 
projections and depressions as in Embodiment 2. 

Subsequently, the surface of the a-Si:H layer 8 was 
Subjected to a plasma treatment using hydrogen gas under 
the conditions shown in Table 3. 

TABLE 3 

Gas Flow Applied Applied Treatment 
Gas Rate Pressure Power Time 

Type (sccm) (torr) (W) (minutes) 

H. 1OO O.8 2OO 1. 

Subsequently, in the same manner as in Embodiment 2, 
the i-layer 4, the n-layer 5 and the rear electrode 6 were 
formed on the a-Si:H layer 8. The photovoltaic device 
shown in FIG. 6 was thus obtained. 
The I-V characteristic of the obtained photovoltaic device 

was evaluated. 
FIG. 7 shows the I-V characteristic of this photovoltaic 

device at A.M. 1.5. FIG. 7 also shows the I-V characteristic 
of the photovoltaic device obtained in Embodiment 2 for 
comparison. 

It is clear from FIG. 7 that the photovoltaic device of this 
Embodiment 4 exhibits a large short-circuit current of 16.0 
mA/cm because the light absorption of the p-layer is Small 
as shown in Embodiment 3. It is also considered from 
Voc=0.9V and F.F.=0.68 that the p-layer of this embodiment 
has a Sufficient carrier density. 
Embodiment 5 
Photovoltaic Device and its Production Process 
The photovoltaic device of this embodiment was con 

Structed to have a transparent electrode layer, a highly doped 



US 6,242,686 B1 
11 

p-type a-Si:H layer, a p-type a-Si:H layer, an i-layer, an 
n-layer and a rear electrode layer Sequentially formed on a 
transparent glass Substrate and to have a plasma-treated face 
on the highly doped p-type a-Si:H layer. 

The process for producing the above-described photovol 
taic device of this embodiment is now explained. 

First, the highly doped p-type a-Si:H layer was formed on 
the transparent glass Substrate 1 in the same manner as in 
Embodiment 2. The transparent glass Substrate 1 had on its 
Surface a ZnO film having projections and depressions as in 
Embodiment 2. Thereafter, the surface of the highly doped 
p-type a-Si:H layer was Subjected to a plasma treatment 
using hydrogen gas under the conditions shown in Table 3. 

Subsequently, the a-Si:H layer, the i-layer, the n-layer and 
the rear electrode were formed on the highly dope p-type 
a-Si:H layer. The photovoltaic device was thus obtained. 
The evaluation of the I-V characteristic of the obtained 

photovoltaic device in Embodiment 5 shows a short-circuit 
current of as large as 16.5 mA/cm. It is also considered 
from Voc=0.9V and F.F.=0.68 that the p-layer has a sufficient 
carrier density. 
Embodiment 6 
Photovoltaic Device and its Production Process 

Referring to FIG. 8, the photovoltaic device of this 
embodiment is constructed to have a transparent electrode 
layer 2, a highly doped p-type a-Si:H layer 7, a p-type layer 
10 which was Subjected to a plasma treatment in a graded 
manner, an i-layer 4, an in-layer 5 and a rear electrode layer 
6 Sequentially formed on a transparent glass Substrate 1 and 
further to have plasma-treated faces on the highly doped 
p-type a-Si:H layer 7 as well as in and on the gradedly 
plasma-treated layer 10. 

The process for producing the above-described photovol 
taic device is now described. 

First, the highly doped p-type a-Si:H layer 7 was formed 
on the transparent glass Substrate 1 in the same manner as in 
Embodiment 2. The transparent glass Substrate 1 had on its 
Surface a ZnO film having projections and depressions as in 
Embodiment 2. The surface of the highly doped p-type 
a-Si:H layer 7 was Subjected to a plasma treatment using 
hydrogen gas in the same manner as in Embodiment 5. 

Subsequently, an i-layer of 3 nm thickness was formed in 
the same chamber that was used for forming the highly 
doped p-type a-Si:H layer 7, and was Subjected to a plasma 
treatment using H at 50W for a minute under the conditions 
shown in Table 2. Then another i-layer of 3 nm thickness 
was formed thereon and Subjected to a plasma treatment 
using H at 20 W for a minute under the conditions shown 
in Table 3. Thereby, these two i-layers turned into the 
gradedly plasma-treaded p-type layer 10 due to the mixing 
of boron in the atmosphere. 

Next, the i-layer 4 of 200 nm thickness was formed in an 
i-layer forming chamber. 

Thereafter, the n-layer 5 of 30 nm thickness was formed 
in an in-layer forming chamber. Subsequently, the rear elec 
trode 6 was formed, thereby to obtain the photovoltaic 
device shown in FIG. 8. 

The I-V characteristic of the obtained photovoltaic device 
was evaluated. 

FIG. 9 shows the I-V characteristic of this photovoltaic 
device at A.M. 1.5. For comparison, FIG. 9 also shows the 
I-V characteristic of the photovoltaic device obtained in 
Embodiment 3 in which the uppermost surface of the a-Si:H 
layer 8 was Subjected to a plasma treatment using hydrogen 
for comparison. 
As clearly shown in FIG. 9, the photovoltaic device of 

Embodiment 6 exhibits a large short-circuit current of 16.5 
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12 
mA/cm similarly to the above-described Embodiment 5 and 
also the p-layer has a Sufficient carrier density Since Voc is 
0.92 V and F.F. is 0.73. 
Embodiment 7 

In this embodiment, a tandem-type photovoltaic device 10 
is comprised of a transparent electrode layer 2, a first pin 
junction 3, a Second pinjunction 9 composed of a p-layer 11, 
an i-layer 4 and an in-layer 5, and a rear electrode layer 6 
Sequentially formed on a transparent glass Substrate 1, as 
shown in FIG. 10. The p-layer 11 includes a first p-layer 7 
and a Second p-layer 8a. 
The process of producing the tandem-type photovoltaic 

device 10 is now explained. 
First, on a Substrate Support in a p-layer forming chamber 

of a plasma-CVD apparatus, placed was the transparent 
glass Substrate 1 provided with the transparent electrode 
layer 2 of ZnO having depressions and projections. The first 
pin junction 3 was formed on the Substrate 1. 

Onto a n-layer of the first pin junction 3, gas Sources of 
SiH:BH:H=1:0.1:20 were supplied at a flow rate of 200 
Sccm. At this time, the film-forming temperature, the tem 
perature of the Substrate, the applied Voltage and film 
forming time period were set to 200° C., 200° C., 200 W and 
about one minute, respectively. Thus a highly doped p-type 
a-Si:H layer which was doped with boron in a high concen 
tration was formed as the first p-layer 7. The thickness of the 
obtained highly doped p-type a-Si:H layer was Set Such that 
the light absorption of this layer could be neglected, i.e., 
about 3 nm in this embodiment. Here, the film-forming time 
period of the highly doped p-type a-Si:H layer was Set Such 
that boron would mix sufficiently into the underlying n-layer 
and a good ohmic contact could be obtained with the 
underlying n-layer (i.e., the above-mentioned one minute). 

Subsequently, an a-Si:H layer which was not doped with 
boron was formed to a thickness of about 10 nm in the same 
chamber using gas sources of SiH:H=100:200 sccm. At 
this time, this a-Si:H layer was all changed into a p-layer to 
form the second p-layer 8a by boron diffusing from the 
highly doped p-type a-Si:H layer, i.e., the first p-layer 7, 
which lay under this a-Si:H layer or by boron mixing into 
this a-Si:H layer from an atmosphere in the chamber. 

Next, on the p-layer (the hydrogenated amorphous p-type 
Silicon layer) composed of this laminated first p-layer 7 and 
Second p-layer 8a, the i-layer 4 was formed to a thickness of 
about 200 nm in an i-layer forming chamber using gas 
Sources of SiH:H=200:500 sccm at an applied voltage of 
100 W. 

Further, on the i-layer 4, the n-layer 5 was formed to a 
thickness of about 30 nm in an in-layer forming chamber 
using gas sources of SiH:H:PH=10:500:3 at an applied 
voltage of 100 W. Thus the second pin junction 9 was 
formed. Subsequently, on the n-layer 5 of the second pin 
junction 9, an Ag film was formed to a thickness of about 
500 nm by a Sputtering apparatus at a film-forming tem 
perature of 200 C., thereby to form the rear electrode layer 
6. The tandem-type photovoltaic device 10 was thus pro 
duced. 
Embodiment 8 

In this embodiment, a tandem-type photovoltaic device 20 
is comprised of a transparent electrode layer 2, a first pin 
junction 3, a Second pinjunction 9 composed of a p-layer 12, 
an i-layer 4 and an in-layer 5, and a rear electrode layer 6 
Sequentially formed on a transparent glass Substrate 1, as 
shown in FIG. 10. In this embodiment, the p-layer 12 
includes a first p-layer 7 and a second p-layer 8b. While the 
Second player 8b is being formed, a resulting Surface of the 
Second player 8b is Subjected to a plasma treatment every 
time the Second p-layer 8b gains a predetermined thickness. 
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The process of producing the tandem-type photovoltaic 
device 20 is now explained. 

First, on a Substrate Support in a p-layer forming chamber 
of a plasma-CVD apparatus, placed was the transparent 
glass Substrate 1 provided with the transparent electrode 
layer 2 of ZnO having depressions and projections. The first 
pin junction 3 of a-Si:H was formed on the substrate 1. Onto 
the n-layer of the first pin junction 3, gas Sources of 
SiH:BH:H=1:0.1:20 were supplied at a flow rate of 200 
Sccm. At this time, the film-forming temperature, the tem 
perature of the Substrate, the applied Voltage and the film 
forming time period were set to 200° C., 200° C., 200 W and 
about one minute, respectively. Thus a highly doped p-type 
a-Si:H layer which was doped with boron in a high concen 
tration was formed as the first p-layer 7. The thickness of the 
obtained highly doped p-type a-Si:H layer was Set Such that 
the light absorption of this layer could be neglected, i.e., 
about 3 nm in this embodiment. 

Subsequently, an a-Si:H layer which was not doped with 
boron was formed to a thickness of about 10 nm in the same 
chamber using gas sources of SiH:H=100:200 sccm. At 
this time, this a-Si:H layer was all changed into a p-layer to 
form the second p-layer 8b by boron diffusing from the 
highly doped p-type a-Si:H layer which lay under this a-Si:H 
layer or by boron mixing into this a-Si:H layer from an 
atmosphere in the chamber. 

In this embodiment, while the second p-layer 8b was 
being formed to a thickness of about 10 nm on the obtained 
first p-layer 7, a Ha plasma treatment was carried out for 
three minutes every time the second p-layer 8b under 
formation gained a thickness of 3 nm in order that loSS by 
light absorption of the second p-layer 8b might be reduced. 

Next, on the obtained p-layer 12, formed were an i-layer 
4 and an in-layer 5 in Substantially the same manner as in the 
case of the aforesaid photovoltaic device 10, thereby to form 
the Second pin junction 9. Subsequently, the rear electrode 
layer 6 was formed on the n-layer 5 of the second pin 
junction 9, and the tandem-type photovoltaic device 20 was 
produced. 
Embodiment 9 

In this embodiment, a tandem-type photovoltaic device 30 
is comprised of a transparent electrode layer 2, a first pin 
junction 3, a Second pinjunction 9 composed of a p-layer 13, 
an i-layer 4 and an in-layer 5, and a rear electrode layer 6 
Sequentially formed on a transparent glass Substrate 1, as 
shown in FIG. 10. In this embodiment, the p-layer 13 
includes a first p-layer 7 and a second p-layer 8c. While the 
Second player 8c is being formed, a resulting Surface of the 
Second player 8c is Subjected to a plasma treatment with the 
treatment time and/or Voltage to be applied being decreased 
every time the Second p-layer 8c under formation gains a 
predetermined thickness. 

The process of producing the tandem-type photovoltaic 
device 30 is now explained. 

First, on a Substrate Support in a p-layer forming chamber 
of a plasma-CVD apparatus, placed was the transparent 
glass Substrate 1 provided with the transparent electrode 
layer 2 of ZnO having depressions and projections. The first 
pin junction 3 of a-Si:H was formed on the substrate 1. Onto 
the n-layer of the first pin junction 3, gas Sources of 
SiH:BH:H=1:0.1:20 were supplied at a flow rate of 200 
Sccm. At this time, the film-forming temperature, the tem 
perature of the Substrate, the applied Voltage and the film 
forming time period were set to 200° C., 200° C., 200 W and 
about one minute, respectively. Thus a highly doped p-type 
a-Si:H layer which was doped with boron in a high concen 
tration was formed as the first p-layer 7. The thickness of the 
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14 
obtained highly doped p-type a-Si:H layer was Set Such that 
the light absorption of this layer could be neglected, i.e., 
about 3 nm in this embodiment. 

Subsequently, an a-Si:H layer which was not doped with 
boron was formed to a thickness of about 10 nm in the same 
chamber using gas sources of SiH:H=100:200 sccm. At 
this time, this a-Si:H layer was all changed into a p-layer to 
form the second p-layer 8c by boron diffusing from the 
highly doped p-type a-Si:H layer which lay under this a-Si:H 
layer or by boron mixing into this a-Si:H layer from an 
atmosphere in the chamber. 

In this embodiment, while the second p-layer 8c was 
being formed to a thickness of about 10 nm on the obtained 
first p-layer 7, a Ha plasma treatment was carried out for five 
minutes by reducing the applied Voltage every time the 
Second p-layer 8c under formation gained a thickness of 3 
nm in order that loSS by light absorption of the Second 
p-layer 8c might be reduced. More particularly, a-Si:H was 
deposited to about 3 nm on the first p-layer 7, and then the 
He plasma treatment was conducted at an applied Voltage of 
300W for five minutes. Subsequently, a-Si:H was deposited 
to about 3 nm again, and then the H plasma treatment was 
conducted at an applied voltage of 200 W for five minutes. 
Subsequently, a-Si:H was deposited to about 3 nm, and then 
the H plasma treatment was conducted at an applied Voltage 
of 100 W for five minutes. Thereby the second p-layer 8c 
having a thickness of about 10 nm was formed. 

Next, on the obtained p-layer 13, formed were an i-layer 
4 and an in-layer 5 in Substantially the Same manner as 
described above, thereby to form the second pin layer 9. 
Subsequently, the rear electrode layer 6 was formed on the 
n-layer 5 of the Second pin junction 9, and the tandem-type 
photovoltaic device 30 was produced. 
Though the plasma treatment was conducted by reducing 

the treatment Voltage gradually while keeping the treatment 
time constant in this embodiment, the treatment time period 
may be reduced gradually while keeping the treatment 
Voltage constant or both the plasma treatment time and the 
treatment Voltage may be reduced gradually. 
Embodiment 10 

In this embodiment, a tandem-type photovoltaic device 40 
is comprised of a transparent electrode layer 2, a first pin 
junction 3, a Second pinjunction 9 composed of a p-layer 14, 
an i-layer 4 and an in-layer 5, and a rear electrode layer 6 
Sequentially formed on a transparent glass Substrate 1, as 
shown in FIG. 10. In this embodiment, the p-layer 14 
includes a =first p-layer 7 and a second p-layer 8d. After the 
first p-layer 7 is formed, the resulting surface of the first 
p-layer 7 is Subjected to a plasma treatment. 
The process of producing the tandem-type photovoltaic 

device 40 is now explained. 
First, on a Substrate Support in a p-layer forming chamber 

of a plasma-CVD System, placed was the transparent glass 
substrate 1 provided with the transparent electrode layer 2 of 
ZnO having depressions and projections. The first pin junc 
tion 3 of a-Si:H was formed on the Substrate 1. Onto the 
n-layer of the first pin junction 3, gas Sources of 
SiH:B:H:H=1:0.1:20 were supplied at a flow rate of 200 
Sccm. At this time, the film-forming temperature, the tem 
perature of the Substrate, the applied Voltage and the film 
forming time period were set to 200° C., 200° C., 200 W and 
about one minute, respectively. Thus a highly doped p-type 
a-Si:H layer which was doped with boron in a high concen 
tration was formed as the first p-layer 7. The thickness of the 
obtained highly doped p-type a-Si:H layer was Set Such that 
the light absorption of this layer could be neglected, i.e., 
about 3 nm in this embodiment. 
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The light absorption of the p-layer can further be reduced 
by Subjecting the Surface of the first p-layer to the plasma 
treatment after the formation of the first p-layer, by Subject 
ing the Second p-layer to the plasma treatment every time the 
Second p-layer under formation gains a predetermined 
thickness, or by conducting the plasma treatment at gradu 
ally decreased treatment power and/or for gradually 
decreased treatment time every time a predetermined thick 
neSS is gained. 

Further, in the case where the first p-layer and the Second 
p-layer are formed in the same chamber of the deposition 
System, it is possible to produce the above-described pho 
tovoltaic device easily without need to design a special 
doping profile, and therefore production costs may be 
greatly reduced. 

Alternately, in the case where the first p-layer, the Second 
p-layer and the i-layer are formed in different chambers of 
the deposition System, the p-type impurity does not diffuse 
excessively in the i-layer. Accordingly, the inner electric 
field in the i-layer can be easily controlled, which results in 
Suppression of Space charge within the i-layer. Therefore, 
efficiency of collecting photocurrent can be improved (F.F. 
can be prevented form declining). 
What is claimed is: 
1. A photovoltaic device comprising a pin junction of a 

player, an i-layer and an in-layer, 
wherein the p-layer includes a first p-layer and a Second 

p-layer thereover, the first p-layer having a thickness of 
5 nm or leSS and being uniformly doped with a p-type 
impurity, and the Second p-layer being formed by 
decomposition of a gas which does not positively 
incorporate a p-type impurity; 

wherein each of the first p-layer and the Second p-layer 
comprises one of (a) hydrogenated amorphous Silicon 
(a-SiH), (b) hydrogenated amorphous germanium 
(a-Ge:H), and (c) hydrogenated amorphous Silicon ger 
manium (a-SiGe:H); and 

wherein the first p-layer is formed directly on a transpar 
ent electrode. 

2. A photovoltaic device according to claim 1, wherein the 
Second p-layer is p-type with a p-type impurity derived from 
any of the preformed first p-layer and a residue remaining in 
an apparatus when the Second p-layer is formed in the same 
apparatus as used for the first p-layer. 

3. A photovoltaic device according to claim 1, wherein the 
first p-layer is doped predominantly with the p-type impurity 
while it is also doped with a Smaller amount of an n-type 
impurity than the p-type imprity, and the content of the 
p-type impurity in the Second p-layer becomes lower as the 
Second player is closer to the i-layer. 

4. A photovoltaic device according to claim 1, wherein the 
photovoltaic device includes plural pin junctions, and 

wherein at least one p-layer adjacent to an in-layer 
includes a first p-layer which is doped predominantly 
with the p-type impurity while it is also doped with a 
Smaller amount of an n-type impurity than the p-type 
impurity and which has a thickness of 5 nm or less, and 
a Second p-layer in which the content of the p-type 
impurity becomes lower as the Second p-layer is closer 
to the i-layer. 
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5. A photovoltaic device according to claim 4, wherein the 

at least one p-layer has a larger optical band gap on a side 
to the n-layer and a Smaller optical band gap on a Side to the 
i-layer. 

6. A photovoltaic device according to claim 1, wherein the 
Second p-layer comprises a plurality of layerS having light 
absorption coefficients which are greater as the layers are 
closer to the i-layer. 

7. A proceSS for producing a photovoltaic device having 
a pin junction of a p-layer, an i-layer and an in-layer, the 
process comprising: 

forming a first p-layers which has a thickness of 5 nm or 
leSS and is uniformly doped with a p-type impurity, 
directly on a transparent electrode, 

forming a Second p-layer by decomposition of a gas 
which does not positively incorporate a p-type 
impurity, thereby to obtain the Second p-layer, 

wherein each of the first p-layer and the Second p-layer of 
the p-layer each comprises one of: (a) hydrogenated 
amorphous Silicon (a-SiH), (b) hydrogenated amor 
phous germanium (a-Ge:H), and (c) hydrogenated 
amorphous Silicon germanium (a-SiGe:H); and 

forming the i-layer and n-layer in this order. 
8. A process according to claim 7, wherein the Second 

player is p-type with a p-type impurity derived from any of 
the preformed first p-layer and a residue remaining in an 
apparatus when the Second p-layer is formed in the same 
apparatus as used for the first p-layer. 

9. A process according to claim 7, wherein a Surface of the 
first p-layer is Subjected to a plasma treatment after the first 
p-layer is formed. 

10. A process according to claim 7, wherein when the 
Second p-layer gains a thickness during formation thereof, a 
resulting Surface of the Second p-layer is Subjected to a 
plasma treatment. 

11. A process according to claim 9, wherein the plasma 
treatment is conducted in Such a manner that the treatment 
time and/or power to be applied is/are decreased every time 
a predetermined thickness is gained. 

12. The process according to claim 7, wherein the first 
p-layer and the Second p-layer are formed in the same 
chamber of a film-forming apparatus. 

13. The proceSS according to claim 7, wherein the i-layer 
is formed in a different chamber of a film-forming apparatus 
from a chamber for forming the first p-layer and the Second 
p-layer. 

14. A photovoltaic device comprising a pin junction of a 
p-layer, an i-layer and an in-layer, 

wherein the p-layer includes a first p-layer and a Second 
p-layer thereover, the first p-layer having a thickness of 
5 nm or leSS and being uniformly doped with a p-type 
impurity, and the Second p-layer being formed by 
decomposition of a gas which does not positively 
incorporate a p-type impurity; and 

wherein the Second p-layer comprises a plurality of layers 
having light absorption coefficients which are greater as 
the layers are closer to the i-layer. 
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